Organic nanostructures of 6H-1,4-Diazepine-2,3-dicarbonitrile (HDD) ranging from nanoparticles to nanoribbons have been controllably prepared. Changes in morphologies are observed to be accompanied with changes in optical properties. The HDD nanoparticles show a main emission at ca. 710 nm with a very weak shoulder at 625 nm, as nanoparticles gradually grow into nanoribbons, the predominant emission shifts to be centered at 625 nm at the expense of that at 710 nm. Shifts in the emission are proposed to come from different charge distributions of highest occupied molecular orbits (HOMO) induced by changing of intermolecular interactions, which is also evidenced by the quantum mechanics calculations.
INTRODUCTION
Extensive efforts have been directed towards the synthesis of nanocrystals with well-controlled shapes. In addition to sizes, the shape of the nanocrystals may provide an effective parameter to modulate the photonic, electronic and optoelectronic properties. [1] [2] [3] [4] [5] While, shape control in inorganic systems has been extensively studied; corresponding studies on organic nanocrystals are relatively rare. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] We herein report the shape control of 6H-1,4-Diazepine-2,3-dicarbonitrile (HDD) nanostructures from zero-dimensional (0-D) nanoparticles to semi-one-dimensional (semi-1-D) nanoribbons and the corresponding changes in optical properties. HDD is a typical non-planar styryldiazepine red fluorescent dye with applicants in full color electroluminescent display, nonlinear optical devices, and solid-state lasers. [17] [18] [19] [20] HDD has a seven-membered ring and two similar donor--acceptor (D--A) chromophoric systems with intramolecular charge transfer (ICT) character. The optimized molecular structure of HDD, determining by minimizing its energy using the B3LYP/6-31G * method in Gaussian 98, demonstrates that two of the 4-(diethyl amino) styryl groups as donors do not lie in the same plane and rotate with respect to each other. The calculated dipole moment is 20.54 Debye. It is demonstrated in our previous work * Author to whom correspondence should be addressed. that charge transfer or charge separation between the two D--A groups would render HDD a highly anisotropic structure. 21 Crystallization would thus tend to occur preferentially along the direction of the dipole-dipole interactions to form semi 1-D nanostructures when they are properly crystallized. In the present work, HDD nanostructures from spherical 0-D nanoparticles to semi-1-D nanoribbons have been controllably prepared at different aging times. We have found that optical absorption and fluorescence of the HDD nanostructures show strong dependence on their shapes. These results suggest a useful strategy for tuning the optical properties of organic nanostructures, which could be exploited as building blocks for nanoscale optoelectronic devices.
HDD was synthesized in-house according to the literature. 20 HDD nanostructures were prepared by a simple solution process. HDD was dissolved in tetrahydrofuran (THF) to a concentration of 2 × 10 −3 M. 200 L of this solution was injected into 5 mL of high-purity water with stirring at 15 C. After stirring for 2 minutes, the sample was left undisturbed to stabilize the nanostructures. Samples were taken out for characterization at different aging times. Figure 1 shows the typical scanning electron microscopy (SEM) images of the resulting nanostructures that were obtained at different aging times. When 200 L of HDD/THF was injected into 5 mL water with vigorous stirring, the solution became turbid suspensions with dark red color. Several minutes right after the stirring, the products obtained were all spherical nanoparticles ( Fig. 1(a) ). After one hour, some ribbon-like structures emerged among the particles, as shown in Figure 1 (b). With longer aging times, the nanoribbons gradually become predominant and grew larger at the expense of the nanoparticles as shown in Figures 1(c and d) . After aging for more than 10 hours, the solution became colorless with a small pile of red aggregates deposited at the bottom. SEM reveals that the aggregates were all composed of nanoribbons and no particles were observed ( Fig. 1(e) ). Figure 1 (f) shows molecular structure of HDD. Figure 2 shows the UV-Vis absorption spectra of HDD nanostructures in aqueous dispersions at different aging times and its dilute solution in THF. The spectrum of the dilute HDD/THF solution exhibits three absorption peaks centered at 404, 450 and 517 nm. The HDD has two similar chromophoric systems with an ICT character and it is reported that the two degenerated HOMO will be split to give one of higher energy and one of lower energy. 22 As a result, the three absorption bands are assigned to transition of HOMO-lowest unoccupied molecular orbit (LUMO), HOMO1-LUMO and NHOMO-LUMO, respectively. 20 In contrast, the absorption of HDD nanostructures differ substantially from that of dilute solution. In the spectra of nanostructures, the original high-energy band at 404 nm is split into one higher energy band at ca. 388 nm and another lower energy band at ca. 410 nm, the new peaks also undergo a mild bathochromic shifts with nanoparticles gradually evolving into nanoribbons. Simultaneously the other two absorption peaks also experience an obvious bathochromic shift from 452 and 514 nm in dilute solution to 490 and 560 nm in nanostructures respectively. In addition, the tailing edge of the spectra at longer wavelength becomes more pronounced for the nanoribbons than for the nanoparticles due to the Mie scattering effect. 23 It is reported that the obvious split peak in high-energy side was attributed to the strong electronic coupling between the neighboring molecules, 24 therefore, we propose that the new peaks in absorption spectra may possibly come from the strong electronic coupling effect between adjacent HDD molecules in nanostructures. Figure 3 shows photoluminescence spectra of the nanoparticles and nanoribbons in aqueous solution and dilute solution in THF. It can be seen that the emission spectra of nanostructures are significantly different from that of the dilute solution in THF and exhibit strong shape-dependent characteristics. The solution of HDD/THF exhibits an 
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Controllable Synthesis of 6H-1,4-Diazepine-2,3-Dicarbonitrile Nanocrystals and their Optical Properties intensive emission peak at 638 nm, which comes from the intra-molecular charge transfer between the donor and acceptor. 20 While when the HDD molecules form the aggregates as nanoparticles at the beginning, the main emission peak appears at the longer wavelength of ca. 710 nm with an additional very weak band centered at ca. 625 nm. With nanoparticles gradually growing into nanoribbons, the 625 nm peak gradually becomes predominant at the expense of the longer wavelength emission at 710 nm. In addition, compared with dilute solution, fluorescence emission is observed to be quenched for the nanoparticles and nanoribbons, which indicates that molecules aggregate or stack significantly and strong intermolecular interactions between adjacent HDD molecules occur. 25 As we know, solid state fluorescence property is closely related with the molecular stacking state and intermolecular interactions. The shape dependent emission property indicates that there might be different molecular stacking states and interactions in the nanoparticles and nanoribbons. It is considered that information on the formation process of the nanoparticles and the nanoribbons could provide helpful clues for better understanding of the shape dependent optical properties.
When HDD/THF is injected into water, THF (good solvent) will be replaced by water (poor solvent) and dispersed in the bulk water in just a few second. HDD molecules exposed to poor solvent will agglomerate quickly to form spherical particles to minimize the interfacial energies. Under such fast growth kinetics, molecules may not take the most energy favorable way of packing but just aggregate randomly. As the crystal grows, the strong directional dipole-dipole intermolecular interactions between neighboring molecules will gradually induce the molecules in the aggregations to reorganize and rearrange along the preferred way and then anisotropic growth will occur. Thus spherical nanoparticles will gradually convert into semi-1-D nanoribbons. Therefore, most probably, the obvious blue shift emission of nanoribbons from nanoparticles is attributed to changes in intermolecular interactions. For nanoparticles, the intermolecular interaction is weak due to the less optimal random aggregations, the main emission is located at the longer wavelength. However, for nanoribbons, the intermolecular interaction is increased, and the strong dipole-dipole intermolecular interactions will affect the intramolecular charge distribution and undermine the delocalization of -electron conjugation, which leads to the blue shift of emissions. That is to say that the disturbed charge distribution induced by the increased dipole-dipole intermolecular interactions results in the blue shift of emission from 710 nm to 625 nm in the evolution process of nanoparticles to nanoribbons.
The total energies and molecular orbits of HDD were investigated. The configurations of HDD were optimized from the corresponding minimum energy process using the B3LYP/6-31G * method in Gaussian 98. [26] [27] [28] Our calculations are performed based on the DFTB method, which is derived from density functional theory (DFT) as a secondorder expansion of the DFT total energy functional with respect to the charge density fluctuations around a given reference density. We focus on the HOMO, which is most important to the chemical reaction and optical emission. Generally, molecular orbits can be expressed by linear combination of molecular orbits: = c i i , where c i i are respectively coefficient and molecular orbits. The charge distribution depends on the orbits: = 2 . Single HDD molecule shows large dipole and HOMO is delocalized, which shows the character of molecular orbits, as shown in the Figure 4 . It was found that the most stable configuration is the one in the crystal phase. 20 When two molecules form a dimer, significant changes in HOMO can be observed. HOMO of a single molecule is symmetric, while the orbit in the dimer becomes unsymmetric, covering only half of the HDD molecule. The symmetry breaking of HOMO is attributed to the interaction between the adjacent molecules. Charge distribution of HOMO is now localized, which induces the different emission compared with that of single molecule with delocalized HOMO.
In summary, HDD nanostructures ranging from nanoparticles to nanoribbons have been controllably prepared by varying the aging time. We found that HDD nanostructures exhibit shape-dependent absorption and the split of high-energy band. The blue-shifted emission from 710 nm to 650 nm can be observed when nanoparticles grow into nanoribbons. Quantum mechanics calculations were conducted to better understand the change of the optical properties. According to the study of optical properties and the simulation results, we can conclude that as the nanoribbon forms, the intermolecular interaction is increased, and the strong dipole-dipole intermolecular interactions will affect the intramolecular charge distribution and undermine the delocalization of -electron conjugation, which leads to distinctly different emissions.
